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Abstract. We present the analysis of the properties of water maser emission in 14 star forming regions (SFRs), which have
been monitored for up to 13 years with a sampling rate of about once every 2-3 months. The 14 regions were chosen to span
a range in luminosity Lfir of the associated Young Stellar Object (YSO) between 20 L⊙ and 1.8 × 106 L⊙. The general scope
of the analysis is to investigate the dependence of the overall spectral morphology of the maser emission and its variability on
the luminosity of the YSO. We find that higher-luminosity sources tend to be associated with stronger and more stable masers.
Higher-luminosity YSOs can excite more emission components over a larger range in velocity, yet the emission that dominates
the spectra is at a velocity very near that of the molecular cloud in which the objects are embedded. For Lfir ∼> 3 × 104 L⊙
the maser emission becomes increasingly structured and more extended in velocity with increasing Lfir. Below this limit the
maser emission shows the same variety of morphologies, but without a clear dependence on Lfir and with a smaller velocity
extent. Also, for sources with Lfir above this limit, the water maser is always present above the 5σ-level; below it, the typical
5σ detection rate is 75-80%. Although the present sample contains few objects with low YSO luminosity, we can conclude
that there must be a lower limit to Lfir ( ∼< 430 L⊙), below which the associated maser is below the detection level most of
the time. These results can be understood in terms of scaled versions of similar SFRs with different YSO luminosities, each
with many potential sites of maser amplification, which can be excited provided there is sufficient energy to pump them, i.e.
the basic pumping process is identical regardless of the YSO luminosity. In SFRs with lower input energies, the conditions of
maser amplification are much closer to the threshold conditions, and consequently more unstable.
We find indications that the properties of the maser emission may be determined also by the geometry of the SFR, specifically
by the beaming and collimation properties of the outflow driven by the YSO.
For individual emission components the presence of velocity gradients seems to be quite common; we find both acceleration
and deceleration, with values between 0.02 and 1.8 km s−1 yr−1.
From the 14 ‘bursts’ that we looked at in some detail we derive durations of between 60 and 900 days and flux density increases
of between 40% and ∼> 1840% (with an absolute maximum of ∼ 820 Jy over 63 days). The ranges found in burst- intensity and
-duration are biased by our minimum sampling interval, while the lifetime of the burst is furthermore affected by the fact that
bursts of very long duration may not be recognized as such.
In addition to the flux density variations in individual emission components, the H2O maser output as a whole is found to exhibit
a periodic long-term variation in several sources. This may be a consequence of periodic variations in the wind/jets from the
exciting YSO.
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1. Introduction
In Paper I of this series (Valdettaro et al. 2001) we presented
the results of more than 10 years of single-dish monitoring of
the H2O maser emission in 14 Star Forming Regions (SFRs)
obtained with the Medicina 32-m radiotelescope. The aver-
age time interval between two successive observations is 2−3
months, so that our database allows one to study only the long-
term (> 2−3 months) aspects of the maser variability. For each
Send offprint requests to: J. Brand, e-mail: brand@ira.cnr.it
source a brief description of the maser environment was given
in Paper I, emphasizing what is of interest in the discussion of
the H2O maser variability. Here we present quantitative results
derived from the long-term monitoring.
The amount of information collected on the H2O maser
emission during our study is exceedingly large. To compress
it to a more manageable form the following quantities were de-
rived (see also Paper I):
1. The flux density F as a function of both velocity and time,
presented in velocity-time-intensity plots, which give the
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best overall description of the maser activity and help to
visually identify possible velocity drifs of the emission;
2. The integrated flux density S as a function of time, which
describes the variation of the total maser emission;
3. The upper and the lower envelopes of the spectra over the
whole period of observation, obtained by assigning to each
velocity channel respectively the maximum (if > 5σ), and
minimum (=0, unless it’s > 5σ) signal detected during the
monitoring period;
4. The potential maximum maser luminosity LupH2O, derived by
integration of the upper envelope. This quantity represents
the maximum output which the source could produce if all
the velocity components were to emit at their maximum
level and at the same time;
5. The actually observed maximum maser luminosity LmaxH2O,
derived from the spectrum with the highest integrated flux
density;
6. The frequency of occurrence of a spectral feature. To pro-
duce these plots the spectra were re-binned with a velocity
resolution ∆V ≃ 0.3 km s−1, and for each channel a counter
was increased by one every time the flux density in that
channel was greater than 5σ;
7. The first moment of the upper envelope, Vup, i.e. the aver-
age velocity weighted by the flux density, with its second
moment ∆Vup, and the first moment of the frequency-of-
occurrence, Vfr, i.e. the average velocity weighted by the
number of times that velocity component is present in the
spectra, with its second moment ∆Vfr.
Since one of our main aims is to reveal aspects of the H2O
maser variability that depend on the luminosity of the Young
Stellar Object (YSO) exciting the maser, the selected sample
covers rather uniformly a large range of (FIR) luminosities,
from 20 L⊙ to 1.8 106 L⊙, which brackets almost the entire
luminosity interval of the exciting sources of H2O masers in
SFRs 1 (Palagi et al. 1993; Wilking et al. 1994; Furuya et
al. 2001, 2003).
In Table 1 we present the source sample as described in Paper I,
ordered in terms of increasing FIR luminosity: Col. 1 gives the
sequential number as given in Table 1 of Paper I; Cols. 2 and
3 give source names and the associated IRAS source; Cols. 4
and 5 list the B1950 coordinates; in Cols. 6 to 8 we give the
radial velocity relative to the LSR (Vcl) of the molecular cloud
in which the SFR is embedded, the distance (d), and the FIR lu-
minosity (Lfir) of the source; detailed references for these quan-
tities are given in Table 1 of Paper I. Cols. 9 to 12 list: Vfr, ∆Vfr,
Vup, and ∆Vup respectively, while in Col. 13 we give the total
integrated H2O flux density, determined from the upper enve-
1 VLBI observations (e.g. Seth et al. 2002) show that the presence
of several distinct maser groups (i.e. YSOs) in a SFR is more the rule
than the exception. Lfir is a global parameter that accounts for the emis-
sion of all YSOs and cannot be directly related to any of the maser
groups that might be present. Only VLBI maser observations com-
bined with very high-resolution FIR studies will be able to associate
to each maser group its own Lfir. In the present context Lfir is used to
set an upper limit to the luminosity of the brightest YSO in the SFR
and in this sense allows discrimination between the environments of
YSOs of different luminosities.
Table 2. Recalibrated data for the May 12, 1998 spectra
# Soure
R
Fdv (old)
R
Fdv (new)
Name (Jykm s
 1
) (Jy km s
 1
)
2 L1455 IRS1 15 10
12 NGC7129/FIRS2 218 174
14 L1204-G 163 160
3 NGC2071 1359 660
7 G32.74 0.08 64 17
10 G59.78+0.06 484 312
1 Sh 2-184 414 395
9 G35.20 0.74 114 47
13 L1204-A 84 87
4 Mon R2 IRS3 1229 508
5 Sh 2-269 IRS2 395 260
11 Sh 2-128(H
2
O) 1243 1123
8 G34.26+0.15 4958 1339
6 W43 Main3 701 680
lope, with the corresponding potential maximum maser lumi-
nosity LupH2O in Col. 15. Finally, Cols. 14 and 16 give the max-
imum integrated H2O flux density measured during the moni-
toring campaign, and the corresponding H2O luminosity LmaxH2O,
respectively.
Note: After publication of Paper I, we found that the gain curve
used for the May 12, 1998 data was in error. We have there-
fore recalibrated the spectra taken on that date. Depending on
source elevation, the new flux densities may be up to a factor of
3-4 smaller than what was reported previously. In Table 2 we
give the new parameters of the affected spectra.
In the present paper we shall analyse the properties of the
maser emission in general terms, without discussing individual
sources in any great detail. For particularly interesting sources,
more in-depth studies may be presented in separate papers in
the future.
2. General Results
2.1. Mean velocities
In the literature the velocity that defines the maser emission
is usually taken to be that of the peak in the spectrum. More
rarely, in the presence of very complex spectra with multi-
ple peaks, an average or centroid velocity is used. Given the
large changes in the spectra when observed over long periods
of time, both of these definitions tend to be a function of the
observing date. Consequently it is not a surprise that the veloc-
ity of the maser, as quoted in the literature, may change with
time.
These maser velocities are usually compared with those of the
molecular clouds in which the SFRs are embedded. The results
indicate a good general agreement between the two, with a dis-
persion ≃ 4 − 11 km s−1 (Wouterloot et al. 1995, Anglada et
al. 1996).
Our first-moment velocities Vup and Vfr are derived from the
upper envelope and the frequency-of-occurrence plots, respec-
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Table 1. The H2O maser sample, arranged in order of increasing FIR luminosity. Main derived parameters.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
# Soure Other name/  (1950) Æ (1950) V
|
l
d
y
L
z
FIR
V
fr
V
fr
V
up
V
up
S
a
up
S
b
max
L
up
H
2
O
z;a
L
max
H
2
O
z;b
Name Assoiated IRAS h m s
Æ 0 00
(km s
 1
) (kp) (L

) (km s
 1
) (Jy km s
 1
) (L

)
2 L1455 IRS1 IRAS03245+3002 03:24:34.0 +30:02:36 4.8 0.35 2.0 (1) 4.3 4.1 4.1 4.0 340 157 9.7 ({7) 4.5 ({7)
12 NGC7129/FIRS2 HH32{35 21:41:51.0 +65:49:39  10.1 1.0 4.3 (2)  5.3 13.9  4.6 12.5 2955 2044 6.9 ({5) 4.7 ({5)
14 L1204-G IRAS22198+6336 22:19:49.8 +63:36:27  10.8 0.9 5.8 (2)  17.2 15.3  18.1 14.5 1209 430 2.3 ({5) 8.1 ({6)
3 NGC 2071 IRAS05445+0020 05:44:31.3 +00:20:41 9.5 0.72 1.4 (3) 10.3 15.7 12.1 10.4 26029 11386 3.1 ({4) 1.4 ({4)
7 G32.74 0.08 IRAS18487 0015 18:48:47.9  00:15:46 38.2 2.6 5.3 (3) 33.7 5.6 34.1 7.1 112 66 1.8 ({5) 1.0 ({5)
10 G59.78+0.06 IRAS19410+2336 19:41:04.2 +23:36:42 22.3 1.3 5.3 (3) 24.3 12.9 25.9 10.5 1560 774 6.1 ({5) 3.0 ({5)
1 Sh 2-184 IRAS00494+5617 00:49:28.6 +56:17:33  30.8 2.2 7.9 (3)  31.4 12.2  32.1 12.1 1767 583 2.0 ({4) 6.5 ({5)
NGC 281 West
9 G35.20 0.74 IRAS18556+0136 18:55:40.7 +01:36:30 34.0 1.8 1.4 (4) 33.8 9.2 34.2 8.0 1011 471 7.6 ({5) 3.5 ({5)
13 L1204-A Sh 2-140 IRS1 22:17:41.2 +63:03:43  7.1 0.9 2.6 (4)  6.4 21.9  8.6 19.9 1336 349 2.5 ({5) 6.6 ({6)
IRAS22176+6303
4 Mon R2 IRS3 Mon R2 (2) 06:05:21.7  06:22:35 10.5 0.8 3.2 (4) 10.6 11.3 10.7 8.9 1335 1103 2.0 ({5) 1.6 ({5)
IRAS06053 0622
5 Sh 2-269 IRS2 196.45 01.68 06:11:46.3 +13:50:33 18.2 3.8 6.0 (4) 17.7 7.3 17.2 7.1 759 312 2.5 ({4) 1.0 ({4)
IRAS06117+1350
11 Sh 2-128(H
2
O) G97.53+3.19 21:30:37.0 +55:40:36  71.0 6.5 8.9 (4)  74.1 11.9  72.7 13.5 3977 2391 3.9 ({3) 2.3 ({3)
IRAS21306+5540
8 G34.26+0.15 W 44 18:50:46.3 +01:11:10 57.8 3.9 7.5 (5) 51.6 26.2 53.7 26.6 7434 3261 2.6 ({3) 1.2 ({3)
IRAS18507+0110
6 W43 Main3 32.82 0.06 18:45:11.0  01:57:57 97.0 7.3 1.8 (6) 101.8 31.5 101.2 28.4 6337 2834 7.8 ({3) 3.5 ({3)
IRAS18449 0158
|
Veloity of high-density gas (NH
3
,CS); for referenes see paper I
y
For distane referenes, see paper I
z
Between brakets powers of 10
a
S
up
=
R
Fdv over the upper envelope; L
up
H
2
O
is the orresponding H
2
O luminosity
b
S
max
is the maximum value of
R
Fdv enountered during the monitoring ampaign; L
max
H
2
O
is the orresponding H
2
O luminosity
tively, and refer to a long (∼ 10 yrs) period of observation.
Consequently they offer a way to define a mean velocity of the
maser emission that is less dependent on the epoch of the ob-
servation.
As indicated in Table 1, Vup and Vfr are almost identical, with
a mean difference of 0.2 km s−1 and a standard deviation of
1.2 km s−1. This implies that the velocity at which the emis-
sion is most intense is also that where emission occurs most
frequently.
It is also instructive to compare Vup or Vfr with the velocity
of the molecular cloud. As shown in Fig. 1a, |Vup| differs al-
ways less than ∼ 7.5 km s−1 from the corresponding molecular
cloud velocity, Vcl. The distribution of Vup − Vcl has a mean
value of −0.4 km s−1 and a standard deviation of 3.5 km s−1,
much smaller than the value of 11 km s−1 found using the peak
velocity of single-epoch H2O maser spectra by Anglada et al.
(1996), but similar to the 3.65 km s−1 found by Wouterloot et
al. (1995).
Considering the shape of the upper envelopes (see paper I and
Fig. 13), the above implies that the maser emission is maximum
for zero projected velocities with respect to the local environ-
ment. This confirms the well-known fact (Elitzur et al. 1989,
1992) that the maser emission is maximum when the plane of
the shocks that create the masing conditions is oriented along
the line-of-sight.
There are a few sources with large values of |Vup −Vcl| (up to ∼
7 km s−1): L1204-G (source number 14) at the negative veloc-
ity end, and NGC7129/FIRS2 (nr. 12) at the positive end. An
offset between the velocity of the maser emission and that of
the molecular cloud is however only significant if it is of the
order of, or larger than the width of the maser emission, and if
it is persistent in time. To investigate the former, we show in
Fig. 2a the distribution of (Vup − Vcl)/∆Vup. ∆Vup is the second
moment of the upper envelope, and as such a measure of the ve-
locity extent of the maser. For a purely Gaussian distribution,
the second moment is the square of the standard deviation; for
the actual shape of the upper envelopes the precise meaning of
∆Vup is less straightforward, although it still represents a mea-
sure of the velocity dispersion of the maser. Thus, Fig. 2a shows
that the velocity difference between the maser and the cloud
is always less than the width of the maser emission as mea-
sured by ∆Vup. The sources with the largest negative velocity
offset are G32.74−0.08 (number 7; (Vup − Vcl)/∆Vup = −0.58),
and L1204-G (nr. 14; −0.50); the largest positive offset is for
NGC7129/FIRS2 (nr. 12; 0.44). G59.78+0.06 (nr. 10), in the
same bin as nr. 12, has a fractional offset of only 0.34.
Fig. 2b shows the relation of the absolute value of the dif-
ference between the maser- and cloud velocity, relative to the
maser velocity width, as a function of Lfir. This diagram sug-
gests that for Lfir ∼< 7 × 103 L⊙ relatively large values of
|Vup − Vcl|/∆Vup may occur, while for the masers pumped by
a higher-luminosity YSO the emission that dominates is at a
velocity much closer tothat of the molecular cloud in which
they are embedded (|Vup − Vcl|/∆Vup < 0.2).
To see how persistent these velocity offsets are in time, we have
derived for each source the “upper envelope” spectrum sepa-
rately for the first, middle, and last third of all spectra, and cal-
culated (Vup − Vcl) in each case. The resulting distributions are
shown in Figs. 1b, c, and d. From these histograms we see that
with time the three extreme cases identified from Fig. 2a move
to the lower bins, i.e. the difference between the mean maser
velocity and the molecular cloud velocity becomes progres-
sively smaller for all three sources. For L1204-G (nr. 14) this
is because the (more intense) blue-shifted maser lines become
redder with time, while the red-shifted components become
bluer (see Paper I: Fig.29); for G32.74−0.08 (nr. 7), while the
main emission remains significantly displaced bluewards of the
molecular cloud velocity, red-shifted components appear which
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Fig. 1. Distribution of the velocity difference between the mean velocity (Vup) of the “upper envelope” spectrum and the molecular
cloud velocity (Vcl), where the “upper envelope” was created from: a all spectra, b the first third, c the middle third, and d the
last third of all spectra, respectively. The identification numbers of the sources (see Tab 1) in each bin are indicated.
Fig. 2. a Distribution of the velocity difference between the mean velocity of the “upper envelope” spectrum and the molecular
cloud velocity, relative to the velocity dispersion (second moment) of the maser emission (∆Vup). The identification numbers of
the sources in each bin are indicated. b The absolute value of the parameter shown in a, as a function of the FIR luminosity of
the associated YSO. The dashed line marks Lfir= 3.7 × 103 L⊙, above which the relative velocity difference between maser and
cloud seems to be smaller (see text).
shift Vup towards Vcl (Paper I: Fig. 15); in NGC7129/FIRS2
(nr. 12; Paper I: Fig.25) the whole of the maser emission grad-
ually shifts towards the blue (and towards Vcl) with time.
From a closer look at these data it appears that a variation in
the overall width of the maser emission is anti-correlated with
a variation in its velocity. This is brought out clearly in Fig. 3,
where we show the maximum change in ∆Vup during the three
time intervals considered, relative to the ∆Vup derived from all
spectra, as a function of the maximum change in the velocity
difference during those time intervals. Masers that during mon-
itoring have undergone a large change in one of those parame-
ters have changed little in the other.
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Fig. 3. The maximum change in ∆Vup during the three time in-
tervals considered (see text), relative to the ∆Vup derived from
all spectra, as a function of the maximum change in the velocity
difference during those time intervals.
This velocity analysis shows that though individual maser com-
ponents may have a large proper motion with respect to the
molecular cloud in which they are embedded (e.g. Seth et
al. 2002), the centroid of the maser emission remains close to
the cloud’s velocity and, averaged over time, reaches an off-
set of at most half the maser’s velocity dispersion as measured
by the second moment of the “upper envelope”. There seems
to be a critical value of the Lfir of the associated YSO, below
which larger deviations can occur between the maser’s velocity
centroid and that of the molecular cloud than above it. This re-
sult can be understood within the framework of the scenario for
maser emission around a YSO that emerges in the course of this
analysis, and which will become more clear after having con-
sidered other observational results (in particular in Sects. 2.3,
2.4, 2.5, 2.8.3, and 2.8.4). We assume that around a YSO there
are many potential maser sites, that can be excited by impact
with an outflow originating at the YSO if the appropriate mas-
ing conditions can be created. This will be seen to also depend
on the directional properties of the outflow. High-luminosity
YSOs may consist of a collection of lower-luminosity objects,
all of which can have an associated outflow, pointing in dif-
ferent directions, giving rise to a higher degree of isotropy of
the maser emission emanating from the SFR. Lower-luminosity
YSOs, on the other hand, could either be single objects, or less
numerous collections of even lower-luminosity sources. In a
SFR with smaller Lfir, there will therefore be fewer outflows,
and these will be less powerful than in the high-luminosity
SFRs. Fewer maser sites will be excited, and the emerging
maser emission will be more anisotropic in this case. The ve-
locity at which one detects the maser emission will in this case
depend more on the local morphology of the SFR and on the
orientation of the outflows, and can deviate more from Vcl than
in the high-luminosity case.
Fig. 4. Far-infrared- vs. H2O luminosity for the sample of 14
sources. The drawn line is a least-squares (bisector) fit to
the LupH2O data points (large circles; the numbers identify the
sources, see Table 1); the dotted line fits the LmaxH2O data (small
empty circles, each below the corresponding large circle); the
dashed line represents the fit reported by Wouterloot et al.
(1995).
2.2. Maser luminosity
Previous attempts to correlate the maser luminosity with the
FIR luminosity of the associated YSO have always dealt with
instantaneous maser spectra (Palagi et al. 1993; Wouterloot et
al. 1995). Given the high variability of the maser emission that
we find in almost all sources, the instantaneous maser lumi-
nosity is also highly variable (cf. Fig. 15). This may produce
two effects: 1) it might obscure any possible correlation exist-
ing between the luminosity of the YSO that powers the maser,
and the maser luminosity, and 2) it might lead one to strongly
underestimate the conversion factor from YSO luminosity to
maser luminosity.
For this reason the maximum H2O maser luminosity LupH2O, de-
rived from the upper envelope spectra, should represent a more
reliable estimate of the potential emission of the H2O maser
since it eliminates the effects of the variability of the individual
velocity components. LupH2O better approximates the maximum
maser emission since it gives what the maser would emit if all
the velocity components were active at their maximum level
and at the same time.
LupH2O correlates well with the FIR luminosity of the YSO(Fig. 4). The best fit (drawn line) to the data points
(encircled numbers) gives log[LupH2O] = (−7.20 ± 0.35) +
(0.81 ± 0.07)log[Lfir] (corr. coeff. 0.80), i.e. LupH2O = 6.37 ×
10−8L0.81±0.07fir . This fit agrees reasonably well with that ob-
tained by Wouterloot et al. (1995; represented by the dashed
line: LH2O = 4.47×10−8L1.00±0.07fir ), as could be expected since
our data base contains many observations of a small number
of objects, while theirs consists of few observations of many
objects. As can be seen from Fig. 7 in Wouterloot et al., at con-
stant Lfir the water maser luminosity can change over up to 4
orders of magnitude, which affects the luminosity derived from
instantaneous observations, and may be explained by changes
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in the direction of the maser beam and/or changes in the maser
excitation and amplification (see also Elitzur 1992).
By its definition, the maser luminosity derived from the up-
per envelope represents an upper limit to the instantaneous
maser luminosity. In Fig. 4 we therefore also show the fit
to LmaxH2O, which is derived from the actually observed maxi-
mum integrated flux density. This fit is described by LmaxH2O =
2.75×10−8L0.82±0.08fir (corr. coeff. 0.79), and is shown as the dot-
ted line. As expected, it lies below the relation defined by LupH2O
(by ∼ 0.4 in log[LH2O]). We find LmaxH2O/L
up
H2O to be between 0.25(Sh 2-269 IRS2; source nr. 5) and 0.80 (Mon R2 IRS3; nr. 4);
there is no correlation between this ratio and Lfir.
2.3. A variability index for the maser emission
The definition of a variability index to describe with a single
parameter the variability of a maser (or even a single emis-
sion component) is an almost impossible enterprise in view
of the complex patterns shown in the velocity-time-intensity
plots (paper I and Fig. 11). With these limitations, and aim-
ing to capture the overall variation of the maser emission, we
have derived for each source the ratio S max/S mean between
the maximum and the mean integrated flux densities over
the whole monitoring period. An anti-correlation is found be-
tween the YSO FIR luminosity and this ratio (Fig. 5). Clearly,
high-luminosity sources tend to be associated with more sta-
ble masers, while lower luminosity ones have a more variable
emission. Note that L1455 IRS1 (source nr. 2), the maser emis-
sion of which often disappears below our detection limit, ap-
pears twice in Fig. 5, because S mean was calculated in two
ways: by assigning to the non-detections either a value of 0
(resulting in the higher value of the plotted ratio) or 3σ(Vmax −
Vmin) (resulting in the lower value of the plotted ratio), where
Vmax and Vmin are the extreme velocities of the corresponding
upper envelope spectrum, and σ is the rms-noise in an individ-
ual maser spectrum.
In lower-luminosity YSOs a smaller number of maser com-
ponents gets excited (see also Sect. 2.5) and their intrinsic
time-variability will affect the total output more than in higher-
luminosity YSOs, where a much larger number of compo-
nents might be simultaneously excited, thus reducing the effect
of their individual time-variability on the total maser output.
Moreover, for increasingly smaller Lfir, the conditions of maser
amplification are more likely to be closer to the threshold con-
ditions and consequently the maser emission will be more un-
stable.
2.4. Velocity range of the maser emission
In order to characterize the velocity width of the emission
we use the second moment of the “upper envelope” spectrum,
∆Vup.
∆Vup is shown as a function of the YSO FIR luminosity in
Fig. 6. It seems that high values of ∆Vup are encountered only
for high Lfir, while lower ∆Vup values occur at any FIR lumi-
nosity. Thus, more luminous sources can excite maser emission
over a larger velocity interval, but apparently do not necessarily
Fig. 5. Ratio between the maximum integrated flux density ever
observed, S max, and the mean value of the integrated flux den-
sity, S mean, over the whole monitoring period, as a function of
the YSO FIR luminosity. The two appearances of object nr. 2
(L1455 IRS1) represent different ways to take into account the
numerous non-detections of the maser (see text).
always do so. Therefore, what the upper envelope shows is po-
tential. Rather than showing a relation between the data points,
Fig. 6 defines an upper boundary indicating that there is a max-
imum possible velocity extent of the maser emission, which
depends on the FIR luminosity of the associated (pumping-)
source. This upper limit is shown in Fig. 6 as a dashed line,
defined by the sources 2, 6, 8, 12, 13, and 14: ∆Vup ∝ L4.68±0.26fir .
Felli et al. (1992) found a correlation between the maser lumi-
nosity and the mechanical luminosity of the associated molec-
ular outflow (see also Lada 1985), supporting the hypothesis
that maser conditions are created where the molecular outflows
shock the surrounding molecular gas. The mechanical lumi-
nosity of the outflows is also correlated with the FIR luminos-
ity of the YSOs. Similarly, Wouterloot et al. (1995) found that
for Lfir> 102 L⊙ IRAS sources with “maser-like” colours have
significantly larger CO (FWHM) linewidths than those with
“non-maser-like” colours, and that this is even independent of
whether a maser has actually been detected or not. The CO
(FWHM) linewidth was found to depend only weakly on Lfir:
an increase of a factor of about 2 between Lfir=102 and 106.
The use of ∆Vup to characterize the velocity range of the maser
emission can be misleading, however: if the maser emission is
dominated by one or a few strong components, then ∆Vup will
be small, even though there may be many weaker components
with a large range of velocities. These weaker outlying compo-
nents are taken into account if the velocity range of the maser
emission (∆Vtot) is taken to be the total velocity extent in the
frequency-of-occurrence histograms (see Paper I and Fig. 14).
The general trend is that ∆Vtot increases with LupH2O, L
max
H2O, and
Lfir. As an example we show this for LupH2O in Fig. 7.
Just like Fig. 6, Fig. 7 shows that while in stronger maser
sources (associated with more luminous YSOs, see Fig. 4)
emission can be excited over a larger range in velocity, there
is no guarantee that this will be so: many of the more lu-
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Fig. 6. Plot of the second moment of the “upper envelope”
spectrum as a function of the YSO FIR luminosity. The dashed
line is a (bisector) least-squares fit through 6 data points defin-
ing an upper boundary to the data: ∆Vup ∝ L4.68±0.26fir .
Fig. 7. Total velocity range of the maser emission, ∆Vtot deter-
mined from the frequency-of-occurrence histograms, as a func-
tion of LupH2O. The dashed line is a (bisector) least-squares fit
through 4 data points defining an upper boundary to the data:
∆Vtot = (168.1 ± 4.5) + (27.12 ± 1.08)logLupH2O.
minous objects have a relatively small ∆Vtot. An example is
Sh 2-269 IRS2 (source nr. 5), where the maser emission, while
strong, is always contained within a rather narrow velocity in-
terval (at least at the 5σ-level used to construct the frequency-
of-occurrence histograms). A different case is Mon R2 IRS3
(nr. 4), a strong maser with emission virtually always in a very
narrow range of velocities (see Paper I, Fig. 9), but which dur-
ing our long monitoring campaign occasionally showed com-
ponents both blue- and red-shifted by up to 20 km s−1, thus in-
creasing ∆Vtot. Thus, also in Fig. 7 the data points define an up-
per boundary indicating the maximum possible velocity range
of the maser emission as a function of LupH2O. In Fig. 7 this en-
velope is determined by sources 2, 4, 8, and 13. A bisector fit
through these data points gives ∆Vtot = (168.1 ± 4.5) + (27.12
± 1.08)logLupH2O, which is shown as a dashed line. Note that the
value of the intercept is influenced by the sensitivity of the data,
by the 5σ detection limit adopted in the construction of the
frequency-of-occurrence histograms, as well as by the fact that
there may be emission at velocities not within our frequency
band (see the velocity-time-intensity diagrams in Paper I).
2.5. Distribution of velocity components
Our single-dish observations can resolve the maser emission
only in the velocity domain, but not in the spatial domain.
Interferometric observations (see e.g. VLBA observations by
Seth et al. 2002) have shown that a single velocity component
may arise from as many as a dozen spatially separated maser
spots. With the provision that the number of spectral compo-
nents observed in our spectra does not necessarily correspond
directly to the number of individual maser components present
in the SFR, by studying their distribution in velocity we can still
derive useful information on how the energy input from one
or more YSOs in a SFR is distributed in the outcoming maser
spectrum, and how the situation is affected by the luminosity
of the YSOs, or, ultimately, how the dynamics of the molecular
cloud surrounding the YSOs is affected by their presence.
To study this effect we used the spectrum with the highest inte-
grated flux density during the monitoring period, in which we
have counted the number of individually visible spectral com-
ponents, including emission down to levels of 2 − 3σ (which
however varies from spectrum to spectrum). (This is practically
impossible to do from either the upper envelope spectrum or
the frequency-of-occurrence histograms, where the individual
components appear indistinguishably merged due to (random
and systematic) velocity shifts during the monitoring period.)
In Fig. 8 we plot for each source the number of components
in the spectrum with the maximum integrated flux density as
a function of the total velocity range of the emission in that
spectrum. Note that both quantities plotted are lower limits,
due to a combination of sensitivity, spectral resolution, and
the intensity of individual components. Nevertheless, there is
a clear and rather tight correlation between the number of com-
ponents in a spectrum and the velocity range over which they
are found. A bisector fit through all data points gives the num-
ber of components, Nc, as a function of velocity range, Vrange:
Nc = (1.2±0.4)+ (0.30±0.02) Vrange (corr. coeff. 0.97). One
way of looking at this relation is that for every 10 km s−1 in-
crease in Vrange, three more components are found.
The number of components and the velocity range are plotted
separately as a function of LmaxH2O in Fig. 9a and b, respectively.
We see that both quantities increase with increasing maser lu-
minosity.
Note that in Fig. 9b we find a correlation between Vrange and
LmaxH2O, rather than just an upper boundary, as was the case for
LupH2O. This is because L
max
H2O is directly related to the velocity
range, in the sense that it pertains to the same spectrum, while
LupH2O, which measures some fictitious maximum maser lumi-
nosity, can be anywhere between 1.25 and 4 times larger than
LmaxH2O (see Sect. 2.2).
Figures 8 and 9 show that higher maser power goes into more
emission channels, that are spread over a larger range in veloc-
ity. Both the number of components and the velocity range of
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Fig. 9. Correlation between the number of components (a) and the velocity range of the maser emission (b) in the spectrum
with the highest integrated flux density, as a function of LmaxH2O, the maser luminosity determined from that same spectrum. Both
quantities increase with increasing maser luminosity.
Fig. 8. The number of emission components, Nc, in the spec-
trum with the highest integrated flux density, as a function of
the velocity range of the emission, Vrange, in that spectrum.
The drawn line is a (bisector) least-squares fit to all data points:
Nc = (1.2 ± 0.4) + (0.30 ± 0.02) Vrange
the emission seem to be insensitive to Lfir (not shown): higher
Lfir allows a larger velocity extent of the maser emission, but
does not impose it. As a consequence, and perhaps surprisingly,
the maximum velocity range (and the largest number of com-
ponents) are not necessarily reached in the spectrum with the
largest integrated flux density.
In a SFR there are likely to be many potential sites of maser
amplification, which can be excited if there is sufficient en-
ergy to pump them. Water masers are excited behind shocks
(Elitzur et al. 1989), which are likely to be caused by outflows
or jets driven by the associated YSO (Felli et al. 1992). To ex-
cite maser emission at large (relative to the ambient molecu-
lar cloud) velocities requires sufficiently powerful jets and out-
flows from the YSO to provide the necessary energy. Hence,
the more luminous YSO’s will be associated with maser spec-
tra containing more emission components over a larger range in
velocity, as we indeed find. The basic pumping process seems
to be the same regardless of the YSO luminosity, but in SFRs
with lower input energies (i.e. a lower YSO-luminosity driving
a lower-velocity outflow) only components with low (relative
to the ambient molecular cloud) velocities can be excited.
2.6. Velocity drifts
In all sources, most if not all spectral features undergo ve-
locity drifts, and a number of them have been identified in
Paper I. These can be recognized in the large scale velocity-
time-intensity plots of Paper I as inclined linear structures, indi-
cating systematic changes of line-of-sight velocity of the mas-
ing gas with time.
Indirect evidence that velocity drifts must be observable in
maser components comes also from VLBI observations (e.g.
Seth et al. 2002). From studies of the spatial distribution and
proper motions of maser spots, three type of maser components
are found: 1) in a rotating disk around the YSO; 2) in a high-
velocity collimated bipolar outflow originating from the YSO
and perpendicular to the disk; and 3) at the bow shocks pro-
duced by the outflows. Velocity drifts can occur due to rotation
of the disk, to acceleration or decelaration in the collimated out-
flow, or to precession of the jet/outflow. One does not need high
spatial resolution to study these velocity drifts, as they are ob-
servable also with single-dish monitoring of the type presented
in this work (e.g. Cesaroni 1990; Lekht et al. 1993).
With a spectrum every 2–3 months (i.e. once every ∼ 60 −
100 days), and a spectral resolution of ∼ 0.16 km s−1, the min-
imum detectable velocity drift from spectrum to spectrum is
∼
> 0.6− 1.0 km s−1 yr−1. However, if a component can be traced
over a longer period of time, then the minimum detectable
value can be much less than this. In fact, for the 15 emission
components that we have analyzed we find velocity gradients
between 0.02 and 1.8 km s−1 yr−1. The lower value is found for
components that could be traced over the whole ∼ 4600 day
period of monitoring, while the higher value was found for a
burst-component with a duration of ∼ 63 days. Considering the
small number of components studied in detail, we find equal
numbers of negative (9/15) and positive (6/15) velocity gradi-
ents.
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Since the intensity of the velocity component during the drift
is far from constant, one might object that what we see is not
due to a unique component drifting in velocity, but rather to a
casual sequence of small bursts each one occuring at a slightly
different velocity and with the proper time delay with respect
to the preceeding one, as the short time-duration of the spatial-
velocity components found by Seth et al. (2002) from VLBA
observations might suggest. Obviously, we have no means to
reject this second explanation and we believe that in the spectra
of sources which have a large number (>10) of velocity com-
ponents bursting in a random fashion it is impossible to make
any statement of this type. Another difficulty arises from the
fact that many features have very short life-times and in such
small time interval (∼ one year) the effect of a velocity drift
may be less evident.
This is why we have limited ourselves to the most obvious
cases, in particular to sources with few velocity components,
to sources in which one component dominates the spectrum,
or to sources with components at velocities far from the more
crowded part of the spectrum. One of the best examples is
L1204-G (Fig. 10) where at least four components (two around
−19 km s−1, one near −10 km s−1, and one at −2.5 km s−1) are
seen drifting in opposite directions almost throughout the entire
monitoring period. For the −2.5 km s−1 component we derive
a velocity drift of −0.10 km s−1 yr−1 for the first ∼ 1500 days
after its first detection, followed by a more rapid deceleration
of −0.40 km s−1 yr−1 in ∼ 680 days (associated with an in-
crease of this component’s flux density from 2 to 20 Jy). The
−19 km s−1 components changes velocity in a more erratic
way: while the general trend is for the velocity to become red-
der, there are periods in which the velocity is constant or be-
comes bluer. The −10 km s−1 component shows a velocity gra-
dient of +1.23 km s−1 during the first ∼ 790 days after its first
appearance around day 1850 (+0.57 km s−1 yr−1); after reach-
ing a peak in flux density of ∼ 50 Jy on day 2243 it rapidly
dropped below our detection limit, only to resurface near the
end of the monitoring period (in the last spectrum F ≈ 97 Jy),
with a velocity that agrees with an extrapolation of the gradi-
ent found from its previous appearance. In Fig. 10 we also see
a component at Vlsr≃ −24 km s−1, near day=3000. In the 6
observations taken around that date (day 2879−3083), the line
exhibits a redshift of 0.7 km s−1 yr−1; including also the obser-
vation at day=2711, the redshift amounts to 1.8 km s−1 yr−1.
The velocity-change coincides with a period of decline after an
increase in flux density.
A behaviour similar to that found for the −2.5 km s−1 com-
ponent in L1204-G has been found in W75N by Hunter et
al. (1994) who interpreted the drift as an outward accelera-
tion. Likewise, the reddening of the components at −19 and
−10 km s−1 could be taken as an outward acceleration of maser
features on the far side of the driving source. However, as sum-
marized at the beginning of this sub-section, other explanations
are possible, including precession of the jet exciting the maser,
and rotation of the maser component around the YSO, as well
as random superposition of short bursts of spatially separated
components at similar velocities, even though it seems improb-
able that this explanation might work for steady drifts persist-
ing over many years. Only a finer time-sampling of single-
Fig. 10. Overview of the velocity of the emission components
in L1204-G spectra, derived from Gaussian fits. The horizon-
tal dotted lines indicate the days (averaged in bins of 10 days)
for which spectra are available; the vertical dotted line indi-
cates the velocity of the surrounding high-density molecular
gas (Vcl). The crosses mark the central velocity of each fitted
emission peak; Velocities considered to identify single compo-
nents are connected by a dashed line, if they are visible over a
considerable amount of time.
dish observations together with frequent VLBI observations
can clarify this issue.
2.7. Maser bursts: duration, intensity and linewidth
A burst is a rapid increase of the flux density of the maser emis-
sion at a given velocity V during a certain (usually brief) time.
The change in flux density is defined as ∆F(V) = [Fpeak(V) −
Fsteady(V)], where Fsteady(V) is the (average of the) intensity
level immediately before and after the burst at velocity V .
During the burst, the flux density reaches a maximum Fpeak(V).
The burst’s duration is ∆t(V) = [tfinal(V) − tinitial(V)], where
tinitial(V) and tfinal(V) denote the time of start and end of the
flux density increase, respectively.
Given the variability of the emission and the relatively long
time between two consecutive observations, it is often difficult
to determine these parameters, and the determination of ∆F(V)
and ∆t(V) is not homogeneous and rather subjective. The ever-
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present intrinsic variability can make it difficult to distinguish
a burst, unless the increase in flux density is particularly large
with respect to the ‘normal’ variability. ∆t(V) depends on the
rapidity of the flux density change, shorter bursts being eas-
ier to isolate. Finally, a proper determination of ∆t(V) is influ-
enced by the uneven time coverage of our monitoring, and by
the minumum sampling interval. Hence, ∆F(V) tends to be a
lower limit, ∆t(V) an upper limit.
We have not done any systematic analysis of bursts, but as with
the analysis of velocity gradients in the previous sub-section
we have selected a few of the more evident examples: we se-
lected 14 bursts in 9 emission components, in 6 sources. In this
small sample we find increases of flux density (∆F(V)) from
about 40% to ∼> 1840% with respect to the Fsteady(V)-level;
the largest absolute flux density increase was found in Mon R2
(∼ 820 Jy [75%], in a burst lasting 63 days). ∆t(V) ranges from
a minimum value equal to our sampling interval (∼ 60 days)
to up to ∼ 900 days, mainly because variations of longer du-
ration are not defined as bursts. However, some type of long-
term (‘super-’) variability is visible in the behaviour of
∫
Fdv
of several sources: the integrated flux density of all maser com-
ponents changes more or less regularly with time. We will dis-
cuss this long-term variability in Sect. 2.8.5.
For W49N, Liljestro¨m & Gwinn (2000; their Fig. 10) find that
the duration and intensity of the maser outbursts depend on the
velocity offset with respect to Vup: high-velocity blue-shifted
and red-shifted components seem to have shorter duration and
smaller flux density increase than those close to Vup. We do see
an indication for this from the shapes of the upper envelopes
(see Paper I and Fig. 13) of our sources, in which the flux
density tends to decrease very rapidly at velocities away from
Vup. At the same time the frequency-of-occurrence diagrams
(Paper I and Fig 14) show that maser components at large blue-
and red-shifted velocities (with respect to Vfr ≈ Vup) are de-
tected only a fraction of the time, compared to the compo-
nents near Vup, implying that the lifetime of these maser compo-
nents is shorter. It should be noted though, that weaker, short-
duration components that occur in the central, most crowded
part of the spectra, are virtually impossible to identify.
Clearly, the two dependencies call for a unique explanation.
The geometrical one seems to be the simplest and most widely
accepted: if masers occur in shocks and the peak of the maser-
beaming is in the plane of the shock, then the both the max-
imum emission and the largest ∆F(V) will be observed from
planes closely aligned with the line-of-sight, and at a line-of-
sight velocity near the systemic velocity (Vcl). Small changes
in the amplification of the maser will produce larger absolute
changes in flux density. At velocities near Vcl we are likely to
see the cumulative effects of more than one maser spot, as all
spots with the plane of the shock along the line-of-sight will be
in the condition of maximum beaming.
Liljestro¨m & Gwinn (2000) suggest that the duration of the
burst is determined by the time required by the shock to prop-
agate across the maser filament, ∆t(V) = D/V, where D is
the transverse diameter of the maser. Assuming a mean value
of D∼1 AU and V ∼< 55 km s−1, which in our sample is
the maximum velocity offset between a maser component and
Fig. 11. Grey-scale maps of the flux density, multiplied by
distance2; cf. Paper I. The velocity scale is relative to the cloud
velocity Vcl. Lfir increases from bottom to top and from left to
right; Mon R2 IRS3 has Lfir= 3.2 × 104 L⊙.
the velocity of the cloud in which it is embedded, we obtain
∆t(V) ∼> 32 days, which is at the limit of our sampling rate.
This would also explain the dependence of ∆t(V) on the veloc-
ity offset. The suggestion of Liljestro¨m & Gwinn (2000) is that
high-velocity offsets from Vup select higher velocities in the
outflow and hence higher shock velocities and smaller ∆t(V).
Another quantity that has often been discussed in relation to
maser bursts is the change of the linewidth during a burst. In
the (small) number of bursts investigated by us, we do not see
any systematic behaviour in ∆Vfwhm with flux density, which
agrees with the Liljestro¨m & Gwinn (2000) study of bursts in
W49N.
2.8. Comparison of overall maser properties as a
function of FIR luminosity
2.8.1. The scaled velocity-time-intensity plots
In Fig. 11 we show the velocity-time-intensity plots in order of
increasing FIR luminosity (Lfir increases from bottom to top,
and left to right). The velocity-scale is the same in all plots
and the velocities are referred to Vcl (i.e. the quantity on the
horizontal axis is Vobserved − Vcl). The intensity in all plots has
been normalized to the same distance, by multiplying the val-
ues by (d[kpc])2. The (logaritmic) intensity scale in all plots is
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the same so that Fig. 11 shows what one would see if all the
sources were at the same distance.
Note that for Lfir ∼> 3 × 104 L⊙ the emission becomes increas-
ingly complex: going from Mon R2 IRS3 (Lfir= 3.2 × 104 L⊙)
to W43 Main3 (Lfir= 1.8×106 L⊙) the maser emission changes
from being dominated by a single component to being highly
structured and multi-component; the velocity extent of the
emission also increases. For Lfir ∼< 3×104 L⊙ on the other hand,
while the maser emission shows the same variety of morpholo-
gies, from the single-/dominant component-type to a (modest)
degree of complexity, there is no systematic trend with Lfir and
the velocity extent of the maser emission remains smaller than
what is found for the highest-luminosity sources (cf. Fig. 7,
Sect. 2.4). The source with the lowest Lfir (20 L⊙; L1455 IRS1:
nr. 2) is again a special case, where for much of the time the
maser has not been detected. This can be understood by the ex-
planation given for the variability in Sect. 2.3, and is consistent
with the results of a 13-month maser-monitoring program of
low-luminosity YSO’s by Claussen et al. (1996): below a YSO
luminosity Lfir∼25 L⊙ there is a higher degree of variability of
the maser emission, which often disappears below the detection
threshold.
2.8.2. Red and blue asymmetries in the spectra
In Fig. 12 we show the relative strengths of the integrated blue
(integrating between −∞ and Vcl) and red (Vcl to ∞) maser
emission as a function of time. The difference between the
blue and red integrals is normalized by the total integrated
flux. The panels are ordered in Lfir as in Fig 11. In this figure,
masers with predominantly blue (red)-shifted emission with re-
spect to Vcl have positive (negative) values along the ordinate;
masers with only blue (red) emission have ordinate values of
+1 (−1). Interpretation of this diagram is not straightforward,
as changes in the relative strengths of the blue and red sides
of the spectra may have various origins: the intrinsic variabil-
ity of all maser components (all sources); velocity drifts of
the emission with respect to Vcl (e.g. L1204-G, NGC 7129);
the sudden appearance of strong components at a velocity on
the opposite side of Vcl with respect to the bulk of the emis-
sion (e.g. G32.74−0.08, Mon R2); the sudden disappearance or
weakening of a component (e.g. Sh 2-269, where the smaller of
the two peaks, near day 2800, coincides with an abrupt weak-
ening of the red-shifted strong 19.5 km s−1 and (the weaker)
20.8 km s−1 components, while the blue-shifted 16.2 km s−1
remains the same, thus causing a relative increase of the blue-
shifted integrated emission); flaring of individual components
(e.g. Mon R2, Sh 2-269; in this latter source the strong peak
showing a temporary dominance of the blue part of the maser
spectrum is caused by a burst in the 16.2 km s−1 component
near day 3200, which has no counterpart in the other main
(and red-shifted) components, thus causing the temporary dom-
inance of the blue-shifted emission seen in this panel); or com-
binations of the above. One can only fully disentangle all the in-
formation contained in these diagrams when it is used in com-
bination with the velocity-time-intensity diagrams, and with di-
Fig. 12. The normalized difference between the integrated (Jy
km s−1) blue and red parts of the spectra of all sources, as a
function of time. Integration was performed from −∞ to Vcl
(blue) and from Vcl to ∞ (red), where the reference velocity
Vcl is that of the molecular cloud (see Table 1). Open circles
indicate cases where both integrals are zero (i.e. no maser de-
tection). The panels are ordered in Lfir, which increases from
bottom to top and from left to right.
agrams showing the behaviour of the first moments (velocity)
of the blue- and red-shifted sides of the maser spectra.
While there are several maser sources that emit almost exclu-
sively on the blue (L1204-G, G32.74−0.08, Sh 2-128) or red
(NGC 7129, Mon R2, Sh 2-269, W43 Main3) side, in about
half of the objects in our sample the emission shows no dom-
inant side. In some sources the dominant emission switches
frequently between the blue and red sides (e.g. G34.26+0.15,
G35.20−0.74), while in other objects there seem to be longer
periods in which one side of the spectrum prevales over the
other (e.g. NGC 2071, G59.78+0.06, L1204-A). We do not see
any obvious systematic dependencies on Lfir from this figure.
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Fig. 13. Upper envelopes of all sources, scaled by dist2. The
panels are ordered in Lfir, which increases from bottom to top
and from left to right.
2.8.3. The scaled upper and lower envelopes
There are two ways to study the minimum level of activity of
the maser. The first is through the light curve, which is obtained
by integrating the spectra in velocity, and which will be consid-
ered in Sect. 2.8.5, the second is via the lower envelope which
is a function of the velocity but time-independent(see Sect. 1
for the definition of the lower envelope). Obviously, the two
ways may give different answers. For instance the lower enve-
lope can be zero over the entire velocity range because of short-
duration random bursting at different non-overlapping veloci-
ties and, at the same time, the integrated flux may be constantly
above zero. Considering sources of increasing FIR luminosity
(see ordering in Table 1), the lower envelope is zero in the first
four sources; there is a small peak of ∼ 15% of the maximum
for the fifth source G32.74−0.08, which is peculiar because it
emits essentially at only one velocity. Then there are other four
sources with a zero lower envelope, and finally the last five
sources (all with Lfir> 3×104 L⊙) show a small peak, always at
(within 1 resolution channel of) the velocity of the main peak
in the upper envelope (and close to that of the dense molecular
gas, Vcl) and with an intensity of 1−20% relative to it. Since
at these percentages of the peak emission all the sources in our
sample are above the noise level of our observations, this does
not seem to be an sensitivity effect. We conclude that only SFRs
with high FIR luminosity (> 104 L⊙) are capable to maintain
a certain level of emission at a given velocity (basically the
velocity of the peak of the upper envelope spectrum) for ex-
tended periods of time (see also Sect. 2.8.4). Considering that
at Vcl the velocity component along the line-of-sight is zero,
the above result does not imply that the same spot will always
be active, since all spots with the plane of the shock along the
line-of-sight (which are also the most intense ones) are indis-
tinguishable in our observations (see also Sect. 2.7).
In Fig. 13 we show the upper envelopes in order of increas-
ing FIR luminosity (cf. Figs. 11 and 12). It appears that sources
with 4 × 102 L⊙ ∼< Lfir ∼< 6 × 104 L⊙ (from NGC7129 to Sh 2-
269 in order of increasing luminosity) have similar upper en-
velopes, with values of log[Fνd2] ∼ 3 and with comparable
velocity range. Outside this homogeneous group of sources we
find on one hand the lowest-luminosity source (Lfir≈ 20 L⊙),
with log[Fνd2] two orders of magnitude smaller and with a nar-
rower velocity range of the emission, and on the other hand the
sources with higher luminosities (Lfir ∼> 6 × 104 L⊙), with peak
values of log[Fνd2] ∼ 4 − 5 and a larger extent in velocity.
These distinctions may reflect three different regimes of maser
excitation:
1. In the lowest luminosity sources, of which many more ex-
amples have been studied by Furuya et al. (2001, 2003),
the maser excitation occurs on a small (∼ 100 AU) spa-
tial scale and might be produced by the stellar jets visi-
ble in the radio-continuum. The CO-outflows (which are
also present in these sources) are either less powerful or,
more likely, impact with a lower-density ambient molecular
cloud, where conditions are not suitable to create masers;
2. In the intermediate luminosity class, the larger energetic
input from the CO outflow, as well as the presence of a
higher-density molecular gas, are the main agents that de-
termine the conditions for maser excitation (rather than the
YSO luminosities);
3. In the most luminous sources, conditions for maser excita-
tion are similar to those in the previous category, but in this
case the energetic input is so large that all potential maser
sites are excited and the determining factor is the YSO lu-
minosity.
2.8.4. The scaled frequency-of-occurrence histograms
In Fig. 14 we show the frequency-of-occurrence histograms
in order of increasing FIR luminosity (ordered as in Fig. 11).
The velocity scale is the same in all plots and the velocities
are referred to Vcl (i.e. the quantity on the horizontal axis is
Vobserved − Vcl).
We see that for sources with Lfir> 3 × 104 L⊙ the peak of the
distribution is always at 100% (i.e. these masers are always de-
tected, cf. the lower envelopes discussion in the previous sub-
section), and it is always at or very close to Vcl. Note that this
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Fig. 14. Frequency-of-occurrence histograms for all sources.
All velocities are relative to Vcl. The panels are ordered in Lfir,
which increases from bottom to top and from left to right.
is in agreement with the findings of Wouterloot et al. (1995),
who concluded that for logLfir> 104.5 (i.e. Lfir> 3.2 × 104 L⊙)
the maser detection rate is virtually 100%. For sources with
lower values of Lfir the maser is typically detected (at the ≥ 5σ
level) about 75%-80% of the time. Once more the exception is
L1455 IRS1, which has a detection rate at these levels of only
about 10%. For these lower-Lfir sources the peak of the distri-
bution of emission components can also be much further away
from Vcl than what is found for the high-Lfir sources (see also
Sect. 2.1).
The steep decline of the histograms with velocity has already
been commented on in Sect. 2.7, as showing that the more blue-
and red-shifted maser components have shorter lifetimes than
the components nearer the systemic (i.e. molecular cloud) ve-
locity.
Many of the histograms in Fig. 14 show a main peak, and a col-
lection of smaller peaks (hereafter ‘the tail’) on one side, while
on the other side the decline is steeper. It seems that for sources
with Lfir > 3 × 104 L⊙ the tail is preferentially on the blue side
of the main peak (at these Lfir’s this is so for all 5 objects ex-
cept Sh 2-128), while at lower Lfir the tail is either mostly on
the red side (as in NGC7129/FIRS2, L1204-G, G32.74−0.08,
Sh 2-184) or the histogram does not show these smaller peaks
at all (as in the case of L1204-A, G35.20−0.74, L1455 IRS1).
Masers and outflows are closely correlated (see e.g. Felli et
al. 1992), with maser components at the bow shocks produced
by the outflows upon impact with the ambient medium. Maser
amplification is maximum in the plane of shocks, where the
gain path is longest (Elitzur et al. 1989); for high-velocity blue-
shifted components the plane of the shock should be perpen-
dicular to the line-of-sight, and therefore the gain path is rather
short. However, in the case that a well-collimated outflow is
precisely aligned with the line-of-sight, the maser can amplify
the background continuum (from the H-region), and the high-
velocity blue-shifted components can become more intense.
This might be the case for the tail in high-luminosity sources.
The collimation of the outflow, the alignment of the flow with
the line-of-sight, and the H-region background radio contin-
uum (hence the Lfir of the YSO) will determine the strength
and the velocity offset (with respect to the molecular cloud ve-
locity) of the high-velocity blue-shifted maser components. It
appears that for the sources in our sample these three effects
combine most favourably in G34.26−0.15 and W43 Main3
(with blue-shifted maser components up to ∼ 60 km s−1 and
∼ 40 km s−1 from Vcl, respectively). According to this scenario
the outflow in S 2-128 would not be aligned with the line-of-
sight, or it could have a large opening angle (or both). The high-
velocity red-shifted components (belonging to the part of the
outflow moving away from us) will always be weaker, because
they cannot amplify the continuum background. If there is no
outflow, or if it is driven by a lower-luminosity YSO, high-
velocity components (blue- or red-shifted) will not be seen at
all. If the maser emission comes primarily from a protostellar
disk, blue- and red-shifted components can be seen, but at ve-
locities close to Vcl.
The maser emission would therefore not only be a function of
the luminosity of the exciting source, but also of the geome-
try of the SFR, in particular the orientation of the beam of the
outflow.
2.8.5. The scaled integrated light-curves
In Fig. 15 we show the light curves of the integrated flux den-
sity
∫
FdV in order of increasing FIR luminosity, as in Fig. 11.
The intensity for each source has been normalized to the inte-
grated flux density of the upper envelope for that source.
The main phenomenon that emerges from these panels is that
of global long-term (‘super’) variability, which was mentioned
in Sect. 2.7: in addition to the occasional outbursts in total in-
tegrated flux density (sometimes due to a single maser compo-
nent in a flaring stage), several of the sources appear to have
a more gentle, long-term variability of the total maser output.
This is most clearly seen in Sh 2-269 IRS2 and Sh 2-184, both
of which show cyclic variations. The integrated emission of
L1204-A is more fragmented and changes more erratically, yet
also here we can see a hint of a general systematic variation
of the total maser output with time. For G59.78+0.06 the first
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Fig. 15. The integrated flux density, normalized by that of the
upper envelope for each source. The panels are arranged by
increasing Lfir, which increases from bottom to top and from
left to right. Open circles indicate non-detections.
2000 days are very poorly sampled, and it is therefore impossi-
ble to say if the broad peak we see near day 4000 has been pre-
ceded by a similar one during that earlier period. Mon R2 IRS3,
Sh 2-128, and W43 Main3 may all show signs of global long-
term variability as well, but with a period of the order of, or
larger than, our monitoring period. The peak in NGC2071 on
the other hand, might just be an outburst with a rapid increase in
integrated flux density followed by a slow decline. We estimate
that in Sh 2-184 a full cycle is completed in about 2000 days
(5.5 yrs); the same is found for Sh 2-269 IRS2, which agrees
with the 5.7±1.0 yr derived by Lekht et al. (2001). Sh 2-128 has
a cycle about twice as long (see also Lekht et al. 2002). A rough
estimate for the period in L1204-A is ≈ 3000 days (8.2 yrs).
The origin of this long-term cyclic variation is not known, but
in the hypothesis that H2O masers are excited behind shocks
caused by the impact of wind-driven outflows with the ambient
medium, it seems natural to assume that the variation in the to-
tal maser output is either caused by a periodic variation in the
YSO-wind or, for sources with non-periodic variation, by the
turbulent motions in the material of the surrounding molecular
cloud.
3. Summary
We have used the data collected during more than 10 years of
monitoring H2O masers in 14 SFRs (Valdettaro et al. 2001), in
order to extract general properties of the maser emission, and
to investigate possible correlations between the various param-
eters of the maser emission (such as mean velocity, velocity
extent, luminosity) and the FIR luminosity of the (presumable)
driving source – usually an IRAS source. We have looked at ve-
locity gradients of individual maser components, at the proper-
ties of bursts (their duration and their increase in flux density),
and at long-term variations in the maser output.
One property that comes out clearly from this analysis is the
existence of a general dependence of maser parameters on Lfir.
In addition there are indications of the existence of different
Lfir regimes and a threshold YSO-luminosity that can account
for the various observed characteristics of the H2O maser emis-
sion. We find differences in some properties of the emission of
masers associated with YSOs above and below a threshold lu-
minosity of around 104 L⊙. Only for sources with Lfir ∼> Llimitfir
a water maser is always detected. Above Llimitfir one finds in-
creasingly morphologically complex maser emission, from the
narrow, single emission component in Mon R2 to the broad,
multi-component jungle of W43 Main3.
The main findings of this general analysis are summarized be-
low.
1. The intensity-weighted mean velocity of the maser emis-
sion (Vup) is close to that of the parental the molecu-
lar cloud (Vcl); their difference, normalized to the total
width (∆Vup) of the maser emission is smaller if Lfir(YSO)
∼
> Llimitfir ∼> 7 × 10
3 L⊙ (Sect. 2.1);
2. The velocity at which the maser emission is most intense,
is also the velocity where emission occurs most frequently
(Sect. 2.1);
3. LupH2O, the luminosity the H2O maser would have if all ve-
locity components were to emit at their maximum level at
the same time, is correlated with the YSO FIR luminosity
Lfir by LupH2O= 6.37 × 10
−8L0.81±0.07fir (Sect. 2.2);
4. The ratio between LmaxH2O, the maximum H2O luminos-
ity measured during the entire monitoring period, and
LupH2O ranges between 0.25 (Sh 2-269 IRS2) and 0.80(Mon R2 IRS3), but does not depend on Lfir (Sect. 2.2);
5. The anti-correlation between Lfir and the ratio of the max-
imum and the mean integrated flux density indicates that
high-luminosity sources tend to be associated with more
stable masers, while lower luminosity ones have more vari-
able emission (Sect. 2.3);
6. Higher maser power goes into more emission channels that
are spread over a larger range in velocity. While in a di-
agram of ∆Vup versus Lfir only an upper envelope can be
defined, there is a real correlation between both the num-
ber of components and the maximum velocity extent of the
maser emission and the luminosity of the H2O maser if all
are derived from the same spectrum (Sects. 2.4, 2.5);
7. For ∼ 15 relatively isolated maser components we have
made an analysis (using Gaussian-fits) of the emission
velocity. We find both acceleration and deceleration in
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1.8 km s−1 yr−1. The smaller value refers to a component
that could be traced over the whole 4600 days of monitor-
ing; the higher value was found for a burst-component of
∼ 60 day duration (Sect. 2.6);
8. We have looked in some detail at 14 outbursts in 9 emission
components in 6 sources. The shortest/longest duration is
∼ 60/900 days. Bursts of shorter duration are not detectable
due to our sampling interval (typically 2-3 months), while
those of longer duration are usually not recognized as a
burst. The increase in flux density during a burst ranged
from 40% to ∼> 1840%; the largest absolute increase was
found in Mon R2 (∼ 820 Jy) (Sect. 2.7);
9. In several sources we find a complete (Sh 2-269 IRS2
and Sh 2-184) or partial (Mon R2 IRS3, Sh 2-128, and
W43 Main3) cycle of integrated flux density changes over
long timescales. For the first two sources we find this pe-
riod to be of the order of 5.5 yrs. Also L1204-A may show
such a long-term variation; in this case a rough estimate
indicates a period of ∼ 8 yrs (Sect. 2.8.5);
10. From the velocity-time-intensity plots we identify a lim-
iting Lfir of ∼ 3 × 104 L⊙. For sources with Lfir above
this limit the maser emission becomes increasingly struc-
tured and more extended in velocity with increasing Lfir.
Below this limit the maser emission shows the same vari-
ety of morphologies, but without a clear dependence on Lfir
(Sect. 2.8.1);
11. From the lower envelopes we can identify the same limiting
value of Lfir≈ 3 × 104 L⊙: all sources above this limit have
at least one maser component that is always present, at a
level of 1− 20% of the peak flux density in the upper enve-
lope spectrum, and with a velocity very close to that of the
upper envelope peak and to the molecular cloud velocity
(Sect. 2.8.3);
12. From the upper envelopes we deduce the possible existence
of three regimes of maser excitation, associated with three
ranges in YSO Lfir. For the lowest ranges, Lfir< 4 × 102 L⊙
and 4 × 102 L⊙ ∼< Lfir ∼< 6 × 104 L⊙, the maser exci-
tation depends mostly on the strength of the outflow and
the density of the surrounding molecular cloud, while for
Lfir ∼> 6 × 104 L⊙ the YSO-luminosity is the determining
factor (Sect. 2.8.3);
13. The frequency-of-occurrence histograms show that Lfir ≈
3×104 L⊙ is a threshold value for the FIR luminosity of the
presumed maser driving-source. For sources with Lfir above
this limit the peak of the distribution is always at 100% (i.e.
the maser is always detected). Below it, the typical detec-
tion rate (at the > 5σ-level) 75 − 80%. The exception is
L1455 IRS1, which has a detection rate of only ∼ 10%
(Sect. 2.8.3). There is also a lower bound to Lfir (at least
∼
< 430 L⊙), below which the associated maser source is not
detectable most of the time (Sect. 2.8.1).
14. The presence or absence of blue-shifted high-velocity
maser components in the frequency-of-occurrence his-
tograms led us to conclude that the maser emission is a
function of not only the luminosity of the YSO, but also
of the beaming properties of the outflow with respect to the
observer (Sect. 2.8.4).
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